CONTEXT: Despite the availability of evidence-based guidelines for the management of pediatric asthma, health care utilization remains high.
Asthma is the most common pediatric chronic disease, affecting more than 10% of American children (>7 million children younger than 18 years). 1 In addition, asthma ranks as the leading nonsurgical diagnosis for pediatric hospital admission, totaling costs of $570 million annually. 2 Despite an evidence-based guideline created by the National Institutes of Health, 3 overall morbidity among youth with asthma, whether measured by attack rates, emergency department (ED) visits, or hospitalizations, has not significantly decreased in the last decade. 4 An asthmarelated ED revisit is common after hospitalization, with more than 40% of children returning to the ED within 12 months, based on findings from an urban pediatric facility. 5 In addition, based on administrative data from over 40 children's hospitals in the country, asthma readmission rates approach 25% within 12 months of index hospitalization. 6 In an effort to address the high health care use associated with asthma in children, numerous quality improvement (QI) interventions have been studied. Recently, significant reductions in health care use were demonstrated by the authors of comprehensive, longitudinal QI projects over the continuum of outpatient to inpatient care. 7, 8 However, such comprehensive projects are still rare and much pediatric asthma QI is focused on a particular point of care, such as the ED or the hospital ward, or only a single intervention type, such as patient education. Although systematic reviews exist on outpatient asthma interventions 9 as well as ED-based asthma interventions, 10 the inpatientinitiated QI efforts for asthma have not been systematically described. The goal of this study was (1) to systematically review the literature for asthma interventions initiated in the pediatric inpatient setting, and (2) to assess the impact of these interventions on subsequent health care use, specifically ED revisit and readmission rates.
METHODS

Search and Study Eligibility Criteria
We sought articles describing interventions to improve care for children with asthma, which specifically enrolled patients at an index hospitalization and were initiated in the inpatient setting. This systematic review was conducted and reported by following recommendations outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement. 11 In collaboration with a medical librarian, we developed a search strategy by using search terms such as asthma, hospitalization, discharge, and readmission; this strategy was adapted from previous work 12, 13 (see Supplemental Information). We searched 2 databases, PubMed (January 1, 1991-November 16, 2016 ) and the Cumulative Index to Nursing and Allied Health Literature (January 1, 1991-November 16, 2016) , and created a review protocol to identify interventional studies initiated in the inpatient setting and intended to improve asthma care. Bibliographies of included articles were also reviewed to include additional relevant articles.
The following inclusion criteria were established: (1) improvement effort initiated in the inpatient setting focused on children hospitalized with asthma exacerbations; (2) interventional study design; (3) reported outcomes included either clinical status (ie, symptom free days), functional status (ie, days missed), health services (ie, readmissions), and adherence to guidelines and/or recommendations (ie, Children's Asthma Care [CAC] performance). Briefly, the CAC measures were introduced by The Joint Commission to improve hospital asthma care: CAC-1 measures use of short-acting relievers, CAC-2 measures use of systemic corticosteroids, and CAC-3 measures use of home management plan for patients and caregivers. We also limited our search to abstracts available in English and articles published after 1990 because this was the year of the original National Institutes of Health guidelines for asthma management. Studies failing to separate pediatric data from adult data were excluded. Studies that focused on work in countries with low or lower-middle incomes were excluded because interventions in these countries may not be generalizable to the United States. 14 
Study Selection and Data Collection
Two reviewers (K.P. and S.R.) split all eligible abstracts and screened by using title and abstracts to exclude topically irrelevant studies. The 2 reviewers independently reviewed each full-text article identified as potentially relevant after reading the title and abstract and a κ statistic was calculated to assess screener agreement. Discrepancies were resolved by re-review and consensus. The reviewers independently extracted data from each included study by using a standardized data collection form.
Qualitative Analysis
All studies reporting interventions for asthma care improvement initiated at an index hospitalization were included in the summary and qualitative analysis. We grouped interventions qualitatively by the primary type of QI strategy employed, specifically standardization of care, education, discharge planning, or multimodal. In addition, we also categorized reported outcomes to better describe the scope of QI work in the area of inpatient asthma care. Similar methodology was employed in a systematic review of outpatient asthma QI efforts. 9 
Quantitative Analysis
We focused the meta-analytic component of this review on ED revisit rates and hospital readmission rates for several reasons: (1) ED revisits and readmissions were the most commonly reported of the diverse outcomes and thus metaanalysis was feasible, (2) government legislation has designated reduction in avoidable rehospitalization as a target for health care cost savings with penalties for hospitals with higher rates of readmission, and (3) ED use for chronic disease is often considered potentially preventable and frequently appears in pay for performance contracts. Numerators (number of patients with either ED visit or readmission) and denominators (total number patients in sample) for both control and intervention populations were extracted from all articles where these data were reported. The 2 reviewers independently extracted this information and discrepancies were cross-checked and then resolved based on consensus.
Meta-analysis of the different reported outcomes was not considered feasible because other outcomes were not reported consistently across enough studies, except for length of stay (LOS). Although LOS is an important quality measure in the care of inpatients, analysis of this outcome is beyond the scope of the current review because ED interventions have been previously linked to shortened inpatient LOS 15 and have already been systematically reviewed. 10 (See Supplemental Table 4 for all reasons for study exclusion from the meta-analysis).
The interval of time between index admission and representation for care (either ED visit or readmission) was grouped into the following 3 categories for analysis: short (<30 days), medium (30 days-6 months), and long (6-12 months). The short time interval was based on the Centers for Medicare and Medicaid 30-day readmission metric, and the medium time and long time intervals were based on reported time increments in the available data. If data could not be extracted separately for each outcome (ie, ED revisit and hospital readmission were treated as a composite outcome), the study was not included in the metaanalysis. Also, if the reuse data for ED revisits and/or readmissions were included as a balancing measure and decreasing reuse was not an intended goal of the QI intervention, the study was not included in the metaanalysis. In addition, some studies reported data for reuse outcomes at more than 1 time interval or more than 1 setting; such data were analyzed separately for each outcome and time interval that could be extracted.
For the initial meta-analyses, we took the approach of grouping studies by targeted outcomes, assuming that the QI strategies employed were similar enough to be considered together. However, we also undertook subanalyses based on more granular groupings of the interventions where feasible, specifically those categorized as multimodal, education, and discharge planning. The subanalysis was not conducted on the standardize care category because no studies in this group targeted the outcomes chosen for meta-analysis. In our subanalyses, studies with medium and long time intervals were grouped together to increase the sample size.
Random effects models were used to generate summary statistics by interval and study heterogeneity was assessed by using the I 2 statistic. Analyses were performed by using Comprehensive Meta-Analysis 2.0.
Assessment of Methodological Quality
We developed a tool for methodological quality assessment adapted from a tool used in a previous systematic review of pediatric QI interventions, 16 along with elements derived from the Standards for Quality Improvement Reporting Excellence guidelines, which is a published rubric for describing and reporting QI studies. 11 This tool was used to assess the quality of the studies included in the quantitative analysis in regards to the ability to draw meaningful conclusions regarding the subsequent health care use outcomes of interest for this review. Sensitivity analysis was performed by removing studies that failed to meet minimum quality standards in at least 4 of the 6 domains.
RESULTS
Our initial search identified 1040 unique articles. Approximately 10% of abstracts were screened for inter-rater reliability and Cohen's κ statistic was 0.9. After screening abstracts, the foremost reasons for exclusion was that the study was not initiated in the inpatient setting or that the article did not have an interventional design. Subsequently, 113 articles underwent full-text review. During the full-text review process, the leading reason for exclusion was that the article focused on an ED-based (not inpatient) cohort. A total of 27 articles were found using our search strategies, and an additional 3 articles were included based on bibliography review of those 27 articles. Therefore, in total, we included 30 studies in our primary review (Table 1) and a subset of these (12 studies) in our quantitative (meta-analysis) review. A study flow diagram is presented as Fig 1. 
Qualitative Assessment: Intervention Types, Outcome Measures
Our qualitative assessment included 30 studies reporting on an inpatient initiated QI intervention for asthma. Interventions were categorized as follows based on primary QI modality ( (n = 9), education 26 -34 (n = 9), discharge planning 35 -38, 46 (n = 5), or multimodal 39 -42, 44, 45 (if there were more than 1 primary QI modality; n = 7). Nine studies used standardization of care to improve outcomes, specifically introducing or revising a clinical pathway or initiating criteria-led discharge. Nine studies used education as the primary QI modality, for example, focusing on asthma selfmanagement education and/or assigning a specific educator role for discharge education. Five studies focused on tools for discharge planning, for example, facilitating medications in-hand at the time of discharge, assigning a case manager to navigate barriers to care, or facilitating communication with outpatient providers. There were 7 studies that used multimodal QI efforts, combining standardizing care, education, and/or discharge planning.
Measured outcomes in the included studies varied as well and were categorized in broad groups. These groups included the following: acute asthma management, hospital resources, discharge management, patient and parent outcomes, and postdischarge outcomes. See Table 3 for a detailed summary of included outcome measures in these included studies.
Quantitative Assessment: Risk of ED Revisit or Hospital Readmission
There were 8 unique studies that targeted the outcome of ED revisit for asthma after QI intervention. A forest plot for ED revisit rates by short, medium, and long time intervals are provided in Fig 2. Two studies (Bergert et al 43 and Wesseldine et al 41 ) provided data for ED revisit at more than 1 time interval, so these studies appear more than once on the forest plot. The risk ratio for ED revisit after QI intervention for the short time interval was 0.97 (95% confidence There were 12 unique studies that targeted the outcome of subsequent hospitalization for asthma after QI intervention. A forest plot of readmission rates by follow-up interval is provided in Fig 3. Two studies (Bergert et al 43 and Wesseldine et al 41 ) provided data for readmissions at more than 1 time interval, so these studies appear more than once in the forest plot. One study (Nkoy et al 44 ) provided data from 2 different hospital types (free-standing children's hospital and community hospital), so this study appears more than once on the forest plot. The risk ratio for readmission rates after QI intervention for the short time interval was 2.02 (95% CI: 0.73-5.61; I 2 = 0%), the medium time interval was 1.68 (95% CI: 0.88-3.19; I 2 = 0%), and the long time interval was 1.27 (95% CI: 0.85-1.90; I 2 = 22%). We did not find a significant effect for QI interventions on readmission rates in any follow-up interval. We do not present an overall summary statistic for all readmissions because of excessive study heterogeneity driven by follow-up interval; the I 2 within specified intervals are within acceptable thresholds.
Three studies (Chong et al, 24 Kelly et al, 17 and Jassal et al 25 ) reported data on our chosen reuse outcomes but were excluded from the metaanalysis because lowering reuse rates was not an intended goal of the intervention, but rather served a balancing measure. Including data from these studies would bias the meta-analysis to the null hypothesis. The primary outcome of interest in these studies was hospital LOS.
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FIGURE 1
Flow diagram of articles selected. CINAHL, Cumulative Index to Nursing and Allied Health Literature. 
Multimodal QI Interventions
There were 4 studies employing multimodal interventions to decrease ED revisit rates. The risk ratio for this subgroup was 1.59 (95% CI: 0.67-3.75; I 2 = 0%) for the combined medium and long time interval (Fig 4A) . The risk ratio for the subanalysis of the 2 studies employing multimodal interventions to decrease ED revisit rate for the short time interval was 0.97 (95% CI: 0.06-14.47; I 2 = 0%). We did not find a significant summary effect in subanalyzing by multimodal interventions on ED revisit rates in any follow-up interval.
There were 6 studies employing multimodal interventions to decrease readmissions for the combined medium and long time intervals. The risk ratio for this subanalysis was 1.49 (95% CI: 1.17-1.89; I 2 = 32%) (Fig 4B) . The risk ratio for the metaanalysis of the 2 studies employing multimodal interventions to reduce readmissions for the <30-day interval was 2.02 (95% CI: 0.73-5.61; I 2 = 0%). In this subanalysis, we found a significant summary effect for multimodal interventions on readmissions for the combined medium and long time intervals, but not the short time intervals.
Education and Discharge Planning Interventions
Subanalyses were also conducted for the education interventions (n = 3) for both ED revisit and readmission outcomes, and for discharge planning interventions (n = 2) for readmissions only. For both of these intervention groups, there was no subanalysis for the short time interval because these studies did not provide those data. For the education interventions over the combined medium and long time intervals, risk ratio for ED revisits was 1.10 (95% CI: 0.54-2.27; I 2 = 0%) and risk ratio of readmissions was 0.96 (95% CI: 0.36-2.54; I 2 = 90%). The discharge planning interventions over the combined medium and long time intervals risk ratio for readmissions was 1.51 (95% CI: 0.63-3.61; I 2 = 0%). Thus, we found no significant summary effect when subanalyzing by education or discharge planning interventions, although these results should be interpreted with caution as there were few studies in these subgroups. 
FIGURE 2
Risk of ED revisit after index hospitalization with QI intervention for children with asthma. Time intervals from index hospitalization were grouped into the following 3 categories: short (<30 days), medium (30 days-6 months), and long (6 months-12 months).
Quality Assessment of Studies in Meta-analysis
As noted above, our meta-analysis included 12 studies that reported data on subsequent health care use, and we applied the study quality assessment tool to this cohort (see Supplemental Table 5 ). Of the 12 studies, the majority of articles were randomized controlled trials (RCTs) (n = 5), followed by pre-and postdesign (n = 3), retrospective observational design (n = 1), matched cohort design (n = 1), non-RCT (n = 1), and quasi-experimental (n = 1). Two characteristics of high-quality QI efforts are reproducibility, and clear rationale for processes and outcomes studied; all 12 of the included articles described the intervention in sufficient detail to reproduce and provided rationale for the process or outcomes that were studied. Only 1 study (Poling 36 ) failed to meet our minimum quality standards, and sensitivity analysis removing this study did not substantially alter the pooled risk ratios.
DISCUSSION
The focus of this review was to describe asthma QI efforts that are initiated in the inpatient setting. The inpatient literature reports on a diversity of outcomes, and we further focused the meta-analytic component of this review on studies that worked to decrease subsequent health care use after the index asthma hospitalization because these measures are increasingly part of federal reporting requirements and pay for performance contracts. Although we found variation in inpatient QI strategies, the overall systematic assessment of these studies does not clearly demonstrate that such interventions are effective to reduce ED revisits or readmissions. However, with the subanalysis of the multimodal studies, we detected a reduction in readmissions over the medium and long time intervals (30 days to 1 year) but not the short time interval (<30-day). 
FIGURE 3
Risk of readmission after index hospitalization with QI intervention for children with asthma. Time intervals from index hospitalization were grouped into the following 3 categories: short (<30 days), medium (30 days-6 months), and long (6 months-months). The Nkoy et al 44 rescue inhaler, and controller medication prescriptions. 37 Hatoun et al 38 also incorporated an outpatient pharmacist delivery service to increase rate of medications in-hand at the time of discharge for patients with asthma. By using insurance claims data, they found that patients discharged with medications in-hand had lower odds of ED revisit within 30 days of discharge. 38 Although this current review includes articles from 1991 to focused on a number of different interventions in different settings, including standardized history and physical for inpatients, standardized tools for identifying asthma risk factors, embedded decision supports to ensure appropriate referrals, in-hand medication at discharge from the hospital, and home visits. They were able to demonstrate a 41.8% relative reduction in asthma-related hospitalizations and 42.4% relative reduction in ED revisits after the index asthma hospitalization, and this improvement was sustained for 12 months. The study's authors suggest that providing the supply of daily asthma medications at discharge was key to the observed improvements in their study.
This systematic review and metaanalysis has limitations. The studies included in this review included a range of interventions and outcomes and the linkages between the 2 are potentially confounded. We limited the studies in our meta-analysis to include only studies that intended to change reuse rates with their intervention(s). Nevertheless, many of the interventions included multiple components, so it is often not clear which singular component, if any, may or may not have been effective. Also, the follow-up intervals that we selected are subjective, but given the chronic nature of asthma, we felt it was important to capture reuse across a wider period. Next, some of the included studies are conducted in different countries with different health care models, although we excluded studies in countries with low or lower-middle incomes to improve generalizability to a US setting.
CONCLUSIONS
Current inpatient asthma QI literature is diverse. Although there was no overall effect on decreasing reuse across the included studies, we noted the importance of multimodal studies that could impact subsequent health care use. After evaluating multimodal interventions both qualitatively and quantitatively, we suggest that in-hand medications as a possible high-value strategy to improve care for children hospitalized with an asthma exacerbation.
